River plume fronts off NW Iberia during autumn 2002 are examined based on the gradient of the mixed layer depth (MLD) in threedimensional model data and on sea surface temperature gradients in Advanced Very High Resolution Radiometer (AVHRR) imagery. The method reveals new aspects of the dynamics of fronts in the area. The strong gradient of the MLD between the plume and the adjacent ocean serves as a physical indicator of the maximum extension of the river plume and takes into account its threedimensional structure as well as its surface signal. Differences in the position of river plume fronts are associated with local upwelling/downwelling conditions and their relaxation. During expansions of the plume induced by upwelling in late autumn, the shallower plume waters become colder and the thermal gradient with offshore waters increases. The model simulation also illustrates the existence of instabilities at the plume front and cross-shore variations in plume width that could induce the appearance of thermal gradients which can be resolved with AVHRR. Our simulations also show regional differences in front location, structure, and probability north (Galicia) and south (north Portugal) on the shelf, where bathymetry differs in shape and depth.
Introduction
Traditionally, a front is defined as the boundary between different water types, characterized by a zone of contrasting physical variables (temperature, salinity, density, colour, etc). Frontal structures and their associated stratified regions affect ecosystem components at all levels, directly or through cascading across the foodweb, acting as enrichment, concentration, and retention mechanisms. As stated by Bakun (2006) , "such interfaces represent sites where the energy of the physical system becomes in some way available to augment the trophic energy of the biological system". Detection of fronts is relevant to better understanding of the properties and processes of the ecosystem (ICES, 2006) .
Around northwest (NW) Iberia, the northern limit of the North Atlantic eastern boundary current system, the wind regime favours coastal convergence during the downwelling season (autumn to early spring). At that time, high river discharge combined with coastal convergence accumulates freshwater on the shelf (Santos et al., 2004; Peliz et al., 2005; Ruiz-Villarreal et al., 2006; . The generated buoyant structure plays a key role in the marine ecosystem by influencing stratification, nutrient pathways, and light and circulation patterns. River plumes strongly influence across-and alongshelf transport, and the stratification induces shallower layers that ensure stability for phytoplankton growth (Bode et al., 2002; Chícharo et al., 2003; Santos et al., 2004) . Fronts associated with river plumes are related to convergence zones and high turbulent kinetic energy associated with strong-shear mixing. These factors can increase the accumulation of biological material near a front.
During autumn and winter, river plumes in the area are noticeable by a cold anomaly in the sea surface temperature (SST) field and are evident in Advanced Very High Resolution Radiometer (AVHRR) imagery Ribeiro et al., 2005; Ruiz-Villarreal et al., 2006) . Front detection based on remotesensing imagery provides a synoptic view for descriptive studies of frontal locations (Ullman and Cornillon, 2001; Castelao et al., 2006; Ullman et al., 2007) . An enhanced availability of satellitederived SST data promoted the development of automatic frontdetection algorithms (Cornillon and Watts, 1987; Cornillon, 1992, 1995; Diehl et al., 2002) . Nevertheless, the availability of usable images from visible and infrared sensors is reduced when clouds persist for .1 d. This is a recurrent situation in the study area during the downwelling season, when S -SW winds dominate (in contrast to the upwelling season, dominated by N-NE winds), because of the frequent passage of low-pressure systems. To account for the large spatial and temporal variability in cloud coverage, multiple images can be combined in a single image. This technique has been applied in NW Iberia to visualize ocean colour features associated with thermal fronts by Miller (2004) . Another common technique is to calculate frontal probability maps that depict fronts (following Ullman and Cornillon, 1999) . In the study area, this technique has been applied by Peliz et al. (2005) to NOAA/NASA Ocean Pathfinder Program 9-km resolution data to generate winter frontal climatologies.
River plumes respond to wind events on the scale of hours , a frequency too high to be properly recorded by polar-orbiting satellite sensors, which execute two daily passes over the same area. Currently, the SEVIRI instrument on board the geostationary Meteosat Second Generation makes it possible to obtain SST maps with a spatial resolution of 3 km and high temporal resolution (15 0 ). Remote-sensing data cannot distinguish river plume fronts from thermal fronts of different genesis, e.g. frontal eddies, meanders, the surface signal of the Iberian Poleward Current (IPC; Frouin et al., 1990) , or even artefacts of the processing, e.g. problems related to automated clouding masks of marine strati. Data from numerical models do not have these problems, so front detection applied to model data can be used to gain insight into the oceanography of an area. Additionally, model results represent the three-dimensional structure of the river plume, so the analysis of fronts is not restricted to its surface signature, as in satellite imagery.
Here, we set up a high-resolution three-dimensional ocean model under realistic conditions during a typical downwelling season (November-December 2002; Ruiz-Villarreal et al., 2006) off NW Iberia. The performance of the model in representing the variability of the plumes in response to wind events was shown in . Fronts detected in model output are compared with fronts detected in satellite-derived SST data. Such a comparison allows us to investigate the causes of generation and variability of thermal fronts in this shelf and slope system during a typical downwelling period.
Data and methods

Model configuration
The model used for this simulation was the Regional Ocean Modelling System (ROMS; Haidvogel et al., 2000) , a threedimensional, free-surface, hydrostatic, primitive equation state-of-the-art ocean model with non-linear terrain-following coordinates. To account for large-scale dynamics and coastal highresolution features such as river plumes and wind-driven shelf currents, the one-way embedding capability of the ROMS-AGRIF version was used (Penven et al., 2006) .
Before the simulation of interest, a 20-vertical-level and 15-km horizontal resolution domain of the Northeast Atlantic (L0 in Figure 1 ) was established. A Levitus dataset and a Comprehensive OceanAtmosphere Dataset (COADS; da Silva et al., 1994) were used as initialization and climatological fields for temperature, salinity, sea surface elevation, heat, mass, and momentum surface fluxes, and mean geostrophic currents. The simulation was run for 4 years until the eddy kinetic energy converged to a quasi-stationary mean value. Results of the last year were subsequently used as initial and climatological conditions in the target simulation. Results from the parent grid (L0) with 15 km of horizontal spatial resolution are used to generate climatological and initial conditions for the medium-sized grid (L1) with 4 km of spatial resolution (solid line). The small-sized grid (L2, dashed line) is nested with L1 and has a spatial resolution of 1.4 km. In addition to river discharge in L2 (to the right), freshwater input from the rivers EumeMandeo -Xubia, Mera, Landrove, Eo, Navia, and Nalón is introduced in the L1 grid.
The target simulation involved two nested grids of NW Iberia (L1 and L2 in Figure 1 ). Vertical discretization in both domains consisted of 40 vertical s-layers, with resolution increased near the surface and the bottom (surface and bottom stretching parameters: u s ¼ 6, u b ¼ 0.2). The parent grid of 4 km (L1) provided boundary conditions to the child grid of 1.4 km of spatial resolution (L2) in a cascade mode at the model time-step. The L1 domain included the entire western Iberian coast and the western Cantabrian Sea, and properly represented the meridional density gradient responsible for the IPC. L2 focused on the western shelf off Galicia (Spain) and northern Portugal, from south of the River Douro mouth to Cape Finisterre. High-resolution (0.28, 22 km) meteorological forcing (momentum and heat fluxes) was obtained from output every 6 h from the High Resolution Limited Area Model (HIRLAM) configuration running operationally at the Agencia Estatal de Meteorología (AEMet; http://www .aemet.es), Spain. Tide was implemented at this stage along open boundaries with results from the OSU tidal inverse model (TPX0.6; Egbert and Erofeeva, 2002) with the main eight harmonics in the area.
Run-off at the mouths of rivers (see the list of rivers in Figure 1 ) was estimated from gauges available during the study period, after quality control. For rivers for which data were not available, run-off was estimated making use of correlations with adjacent basins obtained from the analysis of a large database containing data from several years (Otero et al., in press) . To obtain a realistic estimate of the freshwater budget on the shelf at the start of the study period, the simulation was started in early September, during the upwelling season, when run-off is less. Figure 2a shows the total run-off imposed in the L2 domain (ten rivers) during the study period. A linear decay of river temperature is assumed from 158C at the start of the simulation (early September) to 118C at the end of the simulation (late December).
Detection of river plume fronts in model data
The availability of complete three-dimensional fields of velocity and density in model output allowed us to use properties (other than surface properties) to determine the location of river plume fronts. Here, we took advantage of the gradient between the deeper autumn -winter mixed layer of the ocean (around 250 m at the end of winter in this area; Paillet and Mercier, 1997) and the shallower mixed layer that stratification induces in the plume. Mixed layer depth (MLD) maps were constructed by computing the maximum vertical gradient of the potential density at every model grid point. The result is a two-dimensional map where the shallow river plume is evident near the coast. A classical local operator, Sobel edge filter 3 Â 3 kernel (Sobel, 1970) , was used to enhance gradients in the two-dimensional maps. A threshold based on the contrast with the pixel statistics was applied to enhance the signal. This discrete approximation to the gradient may result in spurious responses when applied to noisy data, but this was not the case for the usually smooth fields of numerical models. More advanced methods such as the single-image detection method (Cayula and Cornillon, 1992) or later versions (Diehl et al., 2002) are proposed for remote-sensing data. Finally, a thinning of wide edges was applied to edge pixels linked together into a sequence. Segments ,10 pixels were discarded. The gradient value was extracted and assigned to the location of the edge detection on a pixel basis to quantify the magnitude of the front-edge. The method is largely based on the work of Cornillon (1992, 1995) .
Composite front maps from AVHRR data
AVHRR data from National Oceanic and Atmospheric Administration (NOAA) satellites were received at the Dundee Satellite Receiving Station, Scotland, by the NERC Earth Observation Data Acquisition and Analysis Service (NEODAAS). Subsequently, AVHRR calibration, SST calculation, and geocorrection within the predefined regions of interest at a spatial resolution (at the nadir position) of 1.1. km were performed by the Remote Sensing Group of the Plymouth Marine Laboratory (RSG-PML, UK). That group routinely applies automatic detection methods to sequences of AVHRR and Sea-viewing Wide Field of view Sensor (SeaWiFS) data off NW Iberia (Miller, 2004) .
The automated technique combined the location, gradient, and persistence of all fronts observed over several days into a single map (Smyth et al., 2001; Miller, 2009) . The front-detection method was applied to a low-noise SST modification known as "partial SST", which generates the same absolute SST estimates, but with reduced noise equivalent to brightness temperature (Miller et al., 1997) . The method involves two steps: first, a statistical method is applied to each scene to indicate fronts where there was a significant difference between neighbouring waters (Cayula and Cornillon, 1992) , and second, the locations of the frontal fragments derived from all scenes over several days are merged into a single map. This procedure often achieves a synoptic view from a sequence of partial-cloud-cover scenes without blurring dynamic fronts, an inherent problem with conventional time-averaging compositing methods.
Results
Variability of the surface thermal anomaly in the plume
The detection of river plume fronts in AVHRR SST data depends on the magnitude of the thermal anomaly at the front, which is subject to windstress variability ( Figure 2b ). We could not study this variability in detail with the few unclouded AVHRR images available for the study period (Figure 3 ), but we could make use of model results to estimate the variability of SST in river plume waters. A comparison of the SST averaged over two tidal cycles in model grid points at both sides of the river plume front at 428N is given in Figure 2d . The net short-wave radiation at the sea surface and the air temperature 2 m above the sea surface, derived from the HIRLAM model at 428N 98W, are also plotted in Figure 2 . River plume and adjacent ocean experience a seasonal cooling, although the SST signal of the plume clearly shows event variability. Three main periods are evident in Figure 2b and c.
(i) From 20 to 29 November, downwelling pulses of southerly and westerly winds induced confinement and a northward displacement of plume waters, which was reduced and associated with offshore expansion during the relaxation of winds around 25 November.
(ii) From 29 November to 14 December, winds were mainly upwelling-favourable. NW wind pulses (30 November-1 December and 11 -13 December) and the strong NE wind pulse on 5-7 December induced southwestward expansion of the plume (see the sequences of clear-sky images in Figure 3 ).
(iii) From 14 December, conditions were downwellingfavourable, with strong S -SE winds that only relaxed slightly around 20 December, after the passage of the low-pressure system (see the image of 19 December in Figure 3 ).
River plume fronts off NW Iberia
During downwelling-favourable wind events (southerly and westerly), the plume is confined to the inner shelf, air temperature rises, and plume waters warm. During those situations, the temperature gradient between ambient ocean and plume waters decreases. Consequently, there are fewer surface fronts.
When a river plume expands, the plume shallows, extends over the shelf and slope, and can more effectively exchange heat with the atmosphere. SST warming (cooling) is evident when the surface wind is weak and the air temperature is higher (lower) than surface waters. Ribeiro et al. (2005) , during an upwelling winter event off northern Portugal in February 2000, observed that the thermal signal of the plume in AVHRR data was only apparent during the first days of the event. They associated the disappearance of the signature with the "rapid heating of the very shallow and stable surface water". Examination of air and SST at the Silleiro buoy for the period of the Ribeiro et al. (2005) study (not shown) reveals that maximum warming was in a period of weak winds during the upwelling event (on 20 February 2002). In our study, expansion events can be diagnosed from a westward plume velocity. Air temperature decreases when downwelling winds relax or when northerly winds prevail. This combination of factors favours the cooling of the plume and increases the gradient between plume and ocean waters, so that front detection in AVHRR imagery is enhanced.
AVHRR-and model-derived fronts
The ability of the model to capture the variability of the plumes in response to wind events in the area was discussed in detail by , who compared the model output with the available observations. Here, however, we use an improved configuration with more imposed rivers and an atmospheric model of greater resolution (20 km). Thus far there are no observations at sufficiently small spatial and fast temporal scales that allow us to evaluate quantitatively the position of plume fronts. Given the few clear-sky SST-AVHRR images during autumn and winter in the area, performing statistics on river plume positions based on the AVHRR images is not feasible. Therefore, to understand thermal fronts in the area in autumn and winter when river plumes are present on the shelf, we need to combine numerical simulations with satellite imagery.
Fronts detected in daily averaged model results are compared with thermal fronts detected in the AVHRR imagery by RSG-PML (see the Data and methods section described earlier). The comparison is shown for dates of clear-sky images that represent the typical situations of response of river plumes to wind events. In Figure 4a , we overlay fronts detected in MLD, sea surface salinity (SSS), and SST model fields from 25 November on the composite 3-day AVHRR front map (24 -26 November, relaxation of a downwelling wind). SSS model results show the river plume as a low-salinity structure extending along the coast over the inner shelf north from river sources and reaching Cape Finisterre. This freshwater plume forms a front with the warmer more-saline surface signal of the IPC over the slope and outer shelf, so plume fronts are detected alongshore in SSS and SST fields. The plume front extends along the coast, with frontal discontinuities off River Miño (Figure 1 ) and north from 42.58N, presumably caused by mesoscale phenomena related to the interaction of the IPC with the plume, which extended offshore during that wind-relaxation event. The gradient between shallower MLD in river plumes (,20 m) and deeper MLD in the adjacent ocean renders a more continuous front in MLD fields than in SSS. Apart from plume fronts, in the SST map, there are fronts associated with gradients between warmer waters in the IPC domain and oceanic waters (e.g. around 108W).
The availability of unclouded images during the upwelling event from 5 to 7 December allowed a large number of fronts to be detected in the composite AVHRR imagery (Figure 4b) . Only model fronts from 6 December, the day of maximum offshore velocity of the plume during the upwelling event, are plotted. The model simulation shows that plume waters were displacing to the southwest that day. The comparison of MLD and SSS points again to the linkage of stratified waters with low-salinity water, and the location of model fronts demonstrates that the plume extended over the shelf. The offshore extension of the plume front was greater off the wider Portuguese shelf, where it reached 9.58W, whereas it remained closer to the coast off the narrower shelf in front of the Rías Baixas. Fronts are also obtained in model SST near the location of the plume front in MLD and SSS results, associated with colder water in the plume. Some of the AVHRR fronts detected, and which are not matched by model fronts, can be associated with the displacement of the edge of the plume. However, fronts detected in model fields suggest that not all SST fronts were associated with the border between river plume water and oceanic water.
In Figure 4c , we illustrate the distribution of model fronts during a strong confinement event (southerly winds) on 18 December, plotted on the composite front map from AVHRR imagery (17-19 December). During that situation, model results show that the plume was confined close to the coast and that gradients at the front in MLD and SST fields were strong enough to be detected. Although the plume was present in model salinity fields, and gradients in model SSS were evident especially near the mouth of the main rivers (Miño and Douro), they are not plotted here owing to the short length of the continuous segments obtained with the detection method. MLD and SST fronts associated with the plume were roughly orientated alongshore over the 100-m isobath on the narrower Galician shelf and were confined to shallower water on the broader Portuguese shelf. Off Cape Finisterre, several frontal zones could be detected in MLD and SST model fronts as well as in AVHRR thermal front maps.
Causes of genesis of thermal fronts
Some of the fronts detected by AVHRR but that are not matched by model fronts in Figure 4b can be associated with the displacement of the front from 5 to 7 December (we only plot model fronts for 6 December). However, not all thermal fronts seem to be associated with the border between plume and ambient ocean waters. AVHRR-SST fronts off the northern Portuguese slope (around 108W) are located where the waters of the IPC are warmer than oceanic waters. On the other hand, some fronts detected in AVHRR on the northern Portuguese shelf onshore from 98W (i.e. in the plume area) are not present in the model SST front map. Analysis of our model simulations can be used to gain insight into the processes that generate these thermal fronts.
Cross-shore variations in plume thickness have been described (Fong and Geyer, 2001) and are likely to generate thermal and haline fronts. To illustrate cross-shore variations in the properties of the plume, we plot in Figure 5 two sections of model temperature and salinity off Ría de Vigo (42.28N; Figure 5a and b) and off northern Portugal (41.48N; Figure 5d and e) on 6 December. Off the Ría de Vigo, the MLD front is located in a different position Figure 5 . Cross-shore sections of salinity and temperature at 42.28N (a and b) and 41.48N (d and e) from model output on 6 December. Note the difference in the longitude scale in the two plots. Isopycnals (black lines) and the depth of the MLD (white line) are also plotted. Triangles indicate the location of the front based on MLD gradients (black) and salinity or temperature gradients (white). Surface salinity on the same day with contours of MLD is plotted in (c) along with the location of the cross-shore sections.
River plume fronts off NW Iberia than it is in SST and SSS fronts (Figure 5a and b) . The surface salinity and MLD maps (Figure 5c) show mesoscale activity at the plume border and specifically near the northernmost section. Additionally, the plume interacts with the slope current. Salinity is at its maximum during this event over the mid-shelf between the 100-and 200-m isobaths, onshore from the maximum poleward speed.
The cross-shore sections also show a difference in dynamics related to the shape of the shelf. The inner shelf (,100 m) is broader off northern Portugal, and forms an arch from the Beiral de Viana to north of the Ría de Arousa, with minimum extension off the Ría de Pontevedra (Figure 1 ). During this event, an upwelling jet was generated over the inner shelf. The jet induced shear with the consequence that the plume pycnocline deepened. On the Portuguese shelf, this induced the appearance of variations in plume depth and plume temperature over the inner shelf. In Figure 5e , a zone of surface temperature gradient (0.158C km
21
) is apparent in the region of the plume where the pycnocline deepened. This gradient is resolved in AVHRR images, but a front is not plotted in our model front maps because the algorithm detects the maximum gradient across the section, which in this case corresponds to the border of the plume.
We suggest, therefore, that cross-shore variations in the plume can explain the fronts discussed above. Additional support for this hypothesis is the existence of cross-shore gradients in optical properties over the plume in the chlorophyll a composite map for 5 -7 December (Figure 6 ). Chl a was high close to the river mouth where inner-shelf thermal fronts are clear in the AVHRR images. Although the high values of Chl a must be taken with caution (see the legend of Figure 6 ), the existence of waters of different optical properties in the image is undeniable. Finally, we must stress that the front between plume and offshore waters, which is the front detected in MLD maps, is associated with more intense dynamics in model results, i.e. the velocity gradient is steeper.
Front probability map Figure 7 shows the offshore position of the MLD front and the front probability map corresponding to the study period from hourly outputs of the model. The front distance clearly varies in response to wind events (strip bands in the diagram are of tidal origin). The probability of detecting a front is relatively high between the 100-and 200-m isobaths over the entire study region, although there are latitudinal differences in the distance of the front from shore. Off the Rías Baixas, the front probability is high close to the 100-m isobath, whereas the zone of significant front probability spans a much wider area to the south of River Miño. As we discussed above, the fronts are observed during downwelling events at a similar offshore distance along the entire coast independent of the shape of the shelf. The difference in the shape of the shelf north and south from the Beiral de Viana induces different dynamics of the upwelling jet and of the slope current, and consequently in the plume. This has the consequence that to the north, the position of the front of the plume does not vary much between downwelling and upwelling events, and the probability close to the 100-m isobath is therefore higher. Its relatively high probability close to the 200-m isobath off River Miño is related to expansions of the plume during upwelling events, when instabilities at the front appear. The change of location of the 100-m isobath north from the Beiral de Viana might favour instabilities in that area. Front occurrence is highly probable over the narrow shelf between 100 and 200 m off Cape Finisterre. The plume is advected to that area, where topographic effects induced by the change of shape and orientation of the shelf similar to those we have discussed to the south result in the formation of fronts. However, more study is required.
Estimation of a reference isohaline for the plume front
Many computations that help to characterize the river plume physically need to be integrated within the limits of the plume, so the definition of a bounding isohaline is necessary, e.g. the calculation of the freshwater thickness when defined as the vertical integral of the salinity anomaly [(S 0 2 S)/S 0 ], or the use of isohaline coordinates (Hetland, 2005) . Salinity at MLD front positions was averaged for the entire simulated period to estimate an isohaline representative of the plume front, and a value of 35.590 +0.005 was obtained. This value contrasts with the value 35.7 obtained by Peliz et al. (2002) from the analysis of hydrographic measurements during an early September cruise in 1998. During that cruise, conditions were typical of late summer and early autumn, and the density distribution was driven by 23 . Chl a estimates should be read with caution because of the presence of yellow substances and other suspended particle matter that has been reported as causing the OC4 algorithm to overestimate Chl a (IOCCG, 2000; O'Reilly et al., 2000; Gohin et al., 2005) . However, the link between waters of different optical properties in the image and river plumes is clear (see Figures 3  and 4b ).
temperature rather than by salinity. In fact, offshore waters were less dense than coastal waters, in contrast to the situation when less-saline river plumes are present. There is seasonal and interannual variability in the ambient ocean properties and, on the other hand, the plume interacts with slope circulation in a complex manner. Notwithstanding, the value 35.7 has been uncritically used for determining the limits of the plume in a few studies in winter 2000 on the northern Portuguese shelf (Santos et al., 2004; Ribeiro et al., 2005) , and from May 2001 to May 2002 off the Ría de Vigo (Herrera et al., 2008) . Our results suggest that the use of a predefined value for the whole area and for any season as the limiting isohaline of the plume may lead to inaccurate estimates of the extent of the river plume. The use of other information such as MLD, which can be computed easily from numerical model output or high-resolution surveys, is likely to improve estimates of the location of the plume border.
Conclusions
We have examined river plume fronts detected in numerical model output off NW Iberia and compared them with thermal fronts detected in AVHRR imagery. The gradient of the MLD between the buoyant river plume and the adjacent ocean serves as a physical indicator of the river plume front. The use of other surface properties such as SST or SSS frequently produces shorter or weaker fronts, which may arise from gradients inside the plume, but are not representative of the maximum extension of the buoyant structure. Contrastingly to surface magnitudes, MLD integrates the signature of the plume in depth. Other magnitudes that take into account the vertical extension of the plume, such as the equivalent depth of freshwater, useful for tracking river plumes (Choi and Wilkin, 2007; Castelao et al., 2008) , rely on the determination of a reference value of salinity S 0 representative of ambient waters. Apart from the fact that the establishment of S 0 is not straightforward in our area, the definition of ambient waters presumes that we have information on the limit of the buoyant structure. In this respect, our results demonstrate that the maximum gradient of MLD is associated with the front of the plume, at least for the typical downwelling period simulated in this study.
Our simulations show that during expansions of the plume induced by wind relaxation or upwelling events in late autumn, the plume shallows and heat exchange with the atmosphere is favoured, facilitating the detection of surface fronts in AVHRR imagery. In the study period and probably also during many winter days, expansions of low air temperature take place with the consequence that plume waters become cooler than adjacent oceanic waters. Moreover, during expansion events, the number of unclouded pixels in AVHRR images increases and favours front detection. On the other hand, during confinement by downwelling winds, although the plume front is vertically steeper, the surface thermal gradient decreases, so fewer surface fronts result. However, the main obstacle for front detection under downwelling conditions is the fact that winds are associated with low-pressure fronts that bring clouds.
Comparison of detected river plume fronts from model data with thermal fronts from AVHRR data gave reasonable results. However, we concede that there are several factors which might affect the performance of model results. We used daily estimates of river run-off from gauges available in the area during our study period. This could introduce differences in the position of model and observed fronts, although the results we obtained show that our run-off estimate is River plume fronts off NW Iberia reasonable. Greater uncertainty is associated with river temperature because no monitoring of river temperature is performed and we rely on climatological estimation. In addition, spatial variations in surface winds might induce different levels of heating in different areas and generate spatial gradients in SST. The structure of the nearcoast windfield in the area is not well known, and there are significant differences among model wind data products for NW Iberia .
Our simulations show differences in dynamics between the northern Portuguese and the Galician shelf. The analysis of the front modelled reveals a preferred location for the study period between the 100-and the 200-m isobaths. The probability of finding a front off the Rías Baixas is high around the 100-m isobath, whereas on the Portuguese shelf, the front probability is distributed across the entire shelf and slope. Our model simulations indicate that instabilities at the plume front and cross-shore variations in plume width through the interaction of shelf circulation and slope circulation induce the appearance of thermal gradients (other than river plume fronts) that can be resolved with AVHRR. Simplifications for topography, windforcing, or ambient alongshelf and slope currents such as those performed in studies of other plume-influenced shelves (e.g. Fong and Geyer, 2001; Choi and Wilkin, 2007) , although useful for giving hints on the physical processes driving plume dynamics, do not account adequately for the interaction of ambient flow and river plumes over the narrow shelf and slope system off NW Iberia. Consequently, studies of fronts in our area require realistic numerical simulations that resolve the strong shelf-slope interaction, the intense wind event variability, and the topographic differences in the shelf. The probability of detecting a SST front in autumn or winter is low in other eastern boundary current systems such as off California (Castelao et al., 2006) , apart from the area north of the Columbia river mouth. Our results show that off NW Iberia, coastal fronts in autumn and winter are ubiquitous because of the presence of river plumes and the warmer, more-saline waters transported by the slope poleward current.
The greater nutrient availability related to river discharge and/ or regeneration favours growth and concentration of phytoplankton (Alvarez- Salgado et al., 2000; Moita, 2001; Bode et al., 2002; Ribeiro et al., 2005) . Variability of river plumes affects, directly or through cascading across the foodweb, the distribution of zooplankton species, their composition, and the community assemblages (Blanco-Bercial et al., 2006; Cabal et al., 2008) , and shapes a suitable and variable environment for larval survival off North and NW Iberia, especially for larvae of anchovy and sardine (Santos et al., 2004 (Santos et al., , 2006 Bernal et al., 2007; Rodríguez et al., 2009) . In particular, sardine survival is influenced by the retention of larvae along the convergence area of river plumes and IPC, as noted by Santos et al. (2004) in their study of the northern Portuguese shelf during February 2000. Moreover, these fronts may prevent the onshore drift onto the shelf of larvae of oceanic species (Rodríguez et al., 2009) . Consequently, the results presented here for tracking fronts in model and satellite data open a means of analysing the variability of river plumes, and how it modulates the ecosystem function and dynamics. Finally, several observational studies have shown the relationship between temperature and spawning habitat (Pepin, 1991; Bernal et al., 2007) . In this respect, our results show high surface thermal variability of river plumes in response to meteorological events, so this needs to be taken into account in future studies of the physical -biological interactions in the life history of small pelagic fish.
